Deep-sea carbonate represents the Earth's largest carbon sink and one of the least-8 known components of the long-term carbon cycle that is intimately linked to climate. By 9 coupling the deep-sea carbonate sedimentation history to a global tectonic model, we 10 quantify this component within the framework of a continuously evolving sea floor. A 11 long-term increase in marine carbonate carbon flux since the mid-Cretaceous is 12 dominated by a post-50 Ma doubling of carbonate accumulation to ~310 Mt C/yr at 13 present-day. This increase was caused largely by the immense growth in deep-sea 14 carbonate carbon storage, post-dating the end of the Early Eocene Climate Optimum. We 15 suggest that a combination of a retreat of epicontinental seas, underpinned by long-term 16 deepening of the seafloor, the inception of major Himalayan river systems, and the 17 weathering of the Deccan Traps drove enhanced delivery of Ca 2+ and HCO3 -into the 18 oceans and atmospheric CO2 drawdown in the 15 m.y. prior to the onset of glaciation at 19 ~35 Ma. Relatively stagnant mid-ocean ridge, rift-and subduction-related degassing 20 during this period support our contention that continental silicate weathering, rather than 21 a major decrease in CO2 degassing, may have triggered an increase in marine carbonate 22 
INTRODUCTION 26
The long-term carbon cycle is regulated by volcanic and metamorphic outgassing, 27 burial and subduction of carbon, and complex chemical weathering feedbacks (Berner, 28 2004) . Substantial progress has been made in constraining various non-sedimentary 29 carbon fluxes through time (e.g., Brune et al., 2017; Dasgupta and Hirschmann, 2010; 30 Kelemen and Manning, 2015) . However, a key component of the carbon cycle is 31 sedimentary carbon, most of which is sequestered in deep-sea carbonates (Berner, 2004; 32 Clift, 2017 ) that are up to several 100 m thick and cover an area of 3,000 million km 2 -33 more than five times the size of other marine carbonate environments combined 34 (Milliman, 1993) . The burial of carbonate represents the Earth's largest carbon sink and 35 the main mechanism by which CO2 is removed from the atmosphere and the ocean 36 (Ridgwell and Zeebe, 2005) . A proportion of this carbonate is subducted and recycled 37 into the atmosphere via CO2 outgassing through subduction volcanism and 38 metamorphism (Chen et al., 2016) , while some carbon is trapped in the lithosphere or 39 returned to the mantle (Kelemen and Manning, 2015) . Deep-sea sedimentary carbonate 40 remains the least-known component of the long-term carbon cycle (Clift, 2017) and has 41 yet to be calculated for the geological past on a continuously evolving seafloor. 42
Computing budgets for shallow-water carbonate accumulation is equally challenging due 43 to the lack of comprehensive syntheses of all environments through time and widely 44 ranging accumulation rates (Bosscher and Schlager, 1993; Milliman, 1993) . Here wesedimentary carbonate carbon subduction increases since the Late Cretaceous despite 115 global convergence rates decreasing from ~6-4 cm/yr since 80 Ma (Müller and 116 Dutkiewicz, 2018) , illustrating that the time-dependence of this flux is dominated by the 117 subduction of ocean floor with increasing thicknesses of carbonate sediments through 118 time. 119
MARINE CARBONATE ACCUMULATION THROUGH TIME 120
Early work on the marine carbonate budget concluded that decreasing carbonate 121 accumulation on platforms since 140 Ma has been largely balanced by increasing 122 accumulation in the deep sea (Opdyke and Wilkinson, 1988) . Recently, Krissansen-123 Totton and Catling (2017) suggested that total marine carbonate accumulation may have 124 increased by 30% between 100 and ~50 Ma. Despite large errors, a similar 30% increase 125 between 100 Ma to 70 Ma is evident in our computation of combined deep-sea carbonate 126 and carbonate platform carbon accumulation (Fig. 1D ). This increase was driven by the 127 widespread flooding of continents (Fig. 1E) leading to an expansion of carbonate 128 platforms and deposition of massive chalks (Fig. 1A) . In contrast to the Totton and Catling (2017) model, which suggests a roughly constant marine carbonate 130 accumulation over the last 50 Ma, our model shows a distinct increase from ~150 Mt 131 C/yr at ~50 Ma to ~310 Mt C/yr at present-day in total sedimentary carbonate carbon flux 132 to the ocean (Fig. 1D ). This increase coincides with the onset of global cooling 133 (Summerhayes, 2015; Zachos et al., 2008) , and is expressed by an accelerated deepening 134 of the CCD (Fig. 1A, 1B) . 135
Long-term seafloor deepening (Fig. 1E) in the Late Cretaceous. However, the observed increase in marine carbonate flux and 147 associated plunge in global temperature calls for additional mechanisms (Fig. 1A) . We 148 propose that they include a combination of a global regression, the inception of major 149 rivers (Ganges, Bramaputra, Godavari, Krishna and Mahanadi, Indus and Narmada) 150 between ~55 and 50 Ma (Dutkiewicz et al., 2017) along the growing Himalayan 151 mountain range, and the weathering of the Deccan Traps as they passed through the 152 humid equatorial belt between 50 and 30 Ma (Kent and Muttoni, 2013) (Müller and Dutkiewicz, 2018) , resulting in a 162 mere 1% decrease in crustal production and a decrease in CO2 flux by 0.2 Mt C/yr. Rift-163 related CO2 flux is also relatively stagnant during this time (Brune et al., 2017) . 164
Degassing from the subduction of carbonate sediments increased during this period by 165 ~40% from 7 to 10 Mt C/yr assuming a conservative estimate of 35% degassing (Fig.  166   1C) , carbon degassing from carbonate in subducting crust increased by 1.5 Mt C/yr, 167 while the storage of carbon in ocean crust decreased by 2.8 Mt C/yr (Müller and 168 Dutkiewicz, 2018 seafloor depth includes basement depth (Müller et al., 2016) , elevation of oceanic 298 plateaus (Müller et al., 2008) and sediment thickness (Dutkiewicz et al., 2017) . 299 300 Figure 2 . Comparison of modeled versus observed total compacted carbonate thicknesses 301 (converted to 100% carbonate) from ocean drilling sites that penetrated oceanic basement 302 and are well-defined by CaCO3 and porosity measurements (Table DR1) 
METHODS

Carbonate sedimentation rates
Coccolithophores and associated nannoplankton are the largest contributors of carbonate to the deep sea (Baumann et al., 2005; Berger, 2011) , first appearing in the geological record in the Late Triassic (~220 Ma) (Bown et al., 2004) . Despite rapid diversification, their production was low throughout most of the Jurassic and restricted to shelf seas (Hay, 2004; Roth, 1986) , shifting to the open ocean in the late Jurassic (~ 150 Ma) in a major event that changed the global carbonate system (Roth, 1989) . Planktonic foraminifera that are also a significant component of pelagic carbonates first appear in the Middle Jurassic (~ 170 Ma) (Knoll, 2003) but only became major producers of carbonate sediment in the Neogene (from ~ 23 Ma) (Roth, 1986) .
Sedimentation rates for pelagic carbonates deposited during the Mesozoic are difficult to constrain because there are few deep-sea drill sites that penetrate to basement, have good core recovery, and have reliable and complete age-depth relationships (Fig. 2 , Table  DR1 ). For our preferred model (Model 1) that results in the best comparison with observed carbonate sediment thicknesses from deep-sea drill sites, we assume that deepsea pelagic carbonate sedimentation rate prior to 170 Ma was zero. From 170 Ma to 152 Ma we estimate that the sedimentation rate was only 0.2 cm/ky, increasing to 0.5 cm/ky between 152 Ma and 144 Ma based on decompacting the values from Bornemann et al. (Bornemann et al., 2003) . From 144 Ma to present-day we assume a constant sedimentation rate of 1.8 cm/ky based on a median calculated from 160 deep-sea surface carbonate sediments containing > 50% CaCO3 (see Fig. 2 in Dutkiewicz et al. (2017) ). This is consistent with a global average of 1-3 cm/ky for calcareous oozes (Kennett, 1982) and captures temporal and spatial variations evident in deep-sea drill sites removed from continents and upwelling regions during their lifetime (Davies and Worsley, 1981) . We run additional models using alternative sedimentation rates that provide minimum (Model 2, Table DR1 ) and maximum (Model 3, Table DR1 ) constraints on our model. We also use long-term sedimentation rates from Opdyke and Wilkinson (1988) based on Deep Sea Drilling project data from Whitman and Davies (Whitman and Davies, 1979) ; however, these sedimentations rates are very low and result in a poor agreement with observed thicknesses (Fig. DR1) . Table DR1 . Sedimentation rate models. Model 1 results in the most favourable comparison with present-day carbonate thicknesses (see Fig. 2 and Fig. DR1 ). 
Carbonate Compensation depth (CCD) and its uncertainties
The process of seafloor spreading slowly moves calcareous sediment and the underlying young ocean crust at mid-ocean ridges to deeper regions of the ocean where sediments overlying older carbonate-rich deposits are carbonate-free, having been deposited on ageing ocean crust at greater depths below the CCD.
In addition to the global CCD curve of , we ran all the sedimentation rate models using the global CCD curve of Opdyke and Wilkinson (1988) , which is based on combined CCDs from Van Andel (1975) and Broecker and Peng (1982) . Sensitivity analysis shows that the combination of the global CCD and Model 1 sedimentation rates results in the best overall agreement with observed carbonate sediment thickness (Fig. 2, Fig. DR1 ).
The uncertainties in CCD depth estimates include uncertainties in reconstructed basement depth, which can be summarized as any sediment-unloaded basement depth deviations from an ideal age-depth relationship. A widely used age-depth relationship is the plate model by Stein and Stein (1992) . Müller et al. (2008) used this model, together with their oceanic crustal ages and a global sediment thicknesses to compute a residual basement depth grid. This grid outlines regional deviations from the expected basement depth based on an age-depth relationship that assumes that all mid-ocean ridge crests have the same initial depth and the same crustal thickness, and that all mid-ocean ridge flanks follow the same tectonic subsidence curve. The median residual basement depth based on this model is 150 m, providing a global estimate of the uncertainty in reconstructing basement depth. Additional uncertainties in reconstructing CCD depth include errors in decompacting sediments, uncertainties introduced by unconformities and in identifying the CCD based on the measured sedimentary carbonate fraction. Van Andel (1975) estimated all uncertainties, other than those related to basement depth, to average ± 150 m. We adopt this estimate, yielding a total uncertainty of ± 300 m in CCD depth estimates. The uncertainty is incorporated into our sensitivity analysis ( Fig. DR1H and DR1I) and error envelopes (Fig. 1 ).
Lysocline
Our model considers that dissolution of carbonate occurs ~ 300 m above the CCD with carbonate content of sediment decreasing from near 100% at the lysocline (Milliman, 1993) , a sediment property where dissolution becomes noticeable, to 0% at the CCD (Ridgwell and Zeebe, 2005) .
Paleobathymetry calculation
We follow the method described in Müller et al. (2008) to construct oceanic paleo-depth maps by converting oceanic paleo-age from Müller et al. (2016) to basement depth, and for including the elevation of major large igneous provinces (LIPs). Sediment thickness through time, including its isostatic effect, is added by considering its dependence on age and proximity to passive continental margins through time (Dutkiewicz et al., 2017) . These paleo-bathymetry maps form the basis for computing intersections of the carbonate compensation depth with the seafloor.
Carbonate thickness calculation
At each 1 My time step from 0 to 120 Ma, a decompacted and compacted carbonate sediment thickness grid with 0.5° resolution is generated. Additionally, a mask grid is generated at each time step that represents where on the current seafloor carbonate is currently (at that time step) being deposited, and hence does not include the deposition history over the lifetime of the current ocean floor. A uniform distribution of points in latitude and longitude is generated for each grid at each time. At each grid point we sample input bathymetry, crustal age and mean distance to passive margins using input data grids representing those respective quantities at a specific time on the ocean floor. These input data are used at each grid point to model the bathymetry of a parcel of ocean floor over its lifetime. This allows us to trace the bathymetry history of the parcel of ocean floor (at that grid point) and compare it with the CCD, which also varies over the ocean parcel's history. Note that the carbonate sedimentation rate is only non-zero for those time intervals when the parcel's bathymetry is above the CCD. The carbonate sedimentation rate is modelled to vary linearly with depth through the lysocline from the maximum rate associated with the bathymetry at the initiation of the parcel (at the midocean ridge when its age is zero) to zero sedimentation rate at the CCD. The maximum sedimentation rate curve is sampled at each time in the history of a single parcel, rather than sampled only at the time when the parcel is at the mid-ocean ridge.
The varying carbonate sedimentation rate over the ocean parcel's lifetime is then accumulated over these time intervals (when modelled bathymetry is above CCD) to obtain the total decompacted carbonate sediment thickness, which can be used as a measure of total carbonate content at the current time. A compacted carbonate thickness is also calculated. For this we assume an average sediment density of 2647 kg/m 3 , a porosity of 0.66, and decay constant of 1333 m (Kominz et al., 2011) to provide an indication of what the total sediment thickness would be if only carbonate were deposited. The bathymetry over the ocean parcel's lifetime is modelled as tectonic subsidence (sediment-free depth) plus an isostatically compensated total compacted sediment thickness. The seafloor subsidence is obtained by converting ocean floor age to depth using the GDH1 model (Stein and Stein, 1992) . The total compacted sediment thickness is predicted using a bicubic polynomial of the ocean parcel's age and mean distance to passive margins over the parcel's lifetime (Dutkiewicz et al., 2017) . A constant offset is applied to the bathymetry model to ensure that it matches the known bathymetry (obtained from the input grid) at the current age of the parcel of ocean crust.
Subducted carbonate calculation This calculation is performed using a published workflow based on the pyGPlates python library (www.gplates.org and https://github.com/EarthByte/PlateTectonicTools) and is outlined in (Müller and Dutkiewicz, 2018) . Table DR2 . DSDP and ODP data for sites drilled to oceanic basement. Crustal ages obtained from the present-day age grid of Müller et al. (2016) . Water depth is obtained from the ETOPO1 model of Amante and Eakins (2009) . Depth to basement and lithology overlying basement from DSDP and ODP initial reports and proceedings volumes. Observed total carbonate thicknesses (100% carbonate) calculated for each site are based on stratigraphy and unit thickness from DSDP and ODP initial reports and proceedings volumes, and CaCO3 contents from DSDP and ODP initial reports and proceedings volumes obtained via the National Centres for Environmental Information (NCEI) at the National Oceanic and Atmospheric Administration (NOAA) (https://www.ngdc.noaa.gov/mgg/fliers/00mgg03.html and https://www.ngdc.noaa.gov/mgg/geology/data/joides_resolution/odp_2001_cdrom/), IODP LIMS (LORE) Reports (http://iodp.tamu.edu/LORE/) and PANGAEA ® Data Publisher (https://www.pangaea.de/). The model results are based on the sedimentation rate model 1 (Table DR1 ) and global CCD from Figure DR1 . Distribution of carbonate thickness residuals showing the difference between various modelled thicknesses and observed carbonate thickness from the Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) (see Table DR2 and 
